A B S T R A C T We studied the influence of prolonged exposure to hyperoxia (02> 98%) on protein synthesis and on the ultrastructure of the granular pneumocyte. To study protein synthesis, as indicated by L-[U-14C]-leucine incorporation into protein, lung slices were incubated with radioactive leucine and a surface-active fraction was obtained by ultracentrifugation of lung homogenates. We found that, following an initial depression in protein synthesis after 48 h of hyperoxia, protein synthesis in rats exposed to oxygen for 96 h rose to greater than control levels. This increase in protein synthesis was noted in whole lung protein and in protein present in the surface-active fraction.
INTRODUCTION
In vivo exposure of rats to hyperoxia (02>98%) at ambient pressure for 48 h is associated with decreased This work was presented in part at the 65th Annual Meeting of the American Society of Clinical Investigation, Inc., Atlantic City, N. J., May 1973.
Received for publication 30 July 1973 and in revised form 12 November 1973. protein synthesis by lung (1) . The decrease in the synthesis of protein in a surface-active fraction is greater than the decrease in synthesis of protein in the whole lung homogenate. Within this time there is also a decrease in the volume fraction of lamellar bodies in the pulmonary granular pneumocyte (2) ; this latter finding is important in relation to the studies on protein biosynthesis because lamellar bodies are considered to be storage sites for pulmonary surfactant (3) (4) (5) (6) (7) . These biochemical and morphological findings in concert suggest to us that hyperoxia decreases protein synthesis in general but also decreases the synthesis of proteins which are components of macromolecules made for export (secretory proteins), in this instance the apoproteins of pulmonary surfactant. Since animals may adapt during exposure to hyperoxia (8) , the initial part of the present study was undertaken to examine the influence of more prolonged in vivo exposure to hyperoxia on in vitro protein synthesis by lung as measured by the incorporation of radioactive leucine into protein. We found that protein synthesis had returned to control levels or higher after 96 h of hyperoxia; we then sought to determine if this was associated with ultrastructural changes in the pulmonary granular pneumocyte with particular reference to their lamellar bodies and rough endoplasmic reticulum (RER).' METHODS Animals. We used Dublin-Sprague Dawley-derived male rats (Flow Research Animals Inc., Dublin, Va.) weighing between 100-125 g. They were exposed to oxygen (> 98%o) or compressed air and sacrificed as previouslydescribed (1) .
Incubations of lung slices. Before removing the lungs from the thoracic cavity, the left atrial appendage was excised and the lungs perfused through the pulmonary artery with 10 ml of cold Waymouth medium (Grand Island Bio1Abbreviation used in thlis paper: RER In some studies we performed "pulse-chase" experiments to determine the influence of hyperoxia on the degradation of the newly synthesized protein. To do this we incubated about 75 mg of lung slices with L-[U-`C]leucine at 400C for 10 min but used Earle's balanced salt solution (2.5 ml) (Grand Island Biological Co.) as the medium. The flasks (three from each 02 and control rat) were then chilled on ice, the medium removed, and the slices washed quickly with cold Waymouth medium. These slices were then re- Isolation of surface-active ltuntg fraction. This was done as previously described and basically represents the homogenization of the lung slices followed by two centrifugation steps. The second step results in a pellet, middle zone, and a surface-active pellicle which floats on the middle zone (9) . The homogenate, the middle zone, and the pellicle (surface-active fraction) were assayed for acid-insoluble radioactivity and protein (10, 11) .
Preparation of luing cell-free extracts. In the preparation of the lung cell-free system the lungs were perfused via the pulmonary artery (before removal from the animal) with cold medium which contained 0. Cell-free incubationt procedutres. All ,mCi/,amol), and 0.5 ml of the post 15,000 g supernatant fluid containing 1.5 mg protein anld 0.15 mg RNA. The solutions of GSH were made up fresh immediately before use and their pH adjusted to 7.4 with Tris base. These chemicals were purchased as follows: ATP and GTP from P-L Biochemicals, Inc., Milwaukee, Wis., GSH, pyruvate kinase, and PEP from Sigma Chemical Co., St. Louis, Mo.
Assay for radioactivity. The tissue proteins and the proteins in the surface-active fraction were precipitated with trichloroacetic acid (TCA), extracted with lipid solvents and hot TCA, and assayed for radioactivity and protein content as previously described (10, 11) . The hot TCA-soluble material from the crude extracts was saved for measurement of DNA content relative to the amount of acid-insolube radioactivity.
Chemical determinations. Protein and DNA were measured by using crystallized bovine serum albumin and calf thymus DNA as standards (Mann Research Labs, Inc., New York) (12, 13) . The content of free leucine in lung tissue was measured usinig a Beckman amino acid analyzer (Beckman Inistruments, Inc., Fullerton, Calif.) as previously described (1) . We used unperfused lungs to obtain lung wet weight and percent dry weight. The entire left lung was used in each experiment. The left mainstem bronchus was clamped, the pleural surface gently blotted, and then the bronchi excised at the hilum. The left lung was weighed intact and then sliced in its entirety preparatory to determining the dry weight; it was not blotted after it was sliced. The sliced lung was then placed at 60°C and weighed every 24 h. When the weight remained unchanged for 72 h the lung was considered to be at its dry weight.
Preparation of tissuie for electroni microscopy and sampling procedures. The tissue was prepared and samples were taken for electroni microscopy as described before except that four electron micrographs of granular pneumocytes were taken from each tissue block rather than two as in our previous paper (2) . Granular pneumocytes were identified as round or cuboidal cells in the alveolar walls which had signs of attachment as evidenced by a tight junction between it and an adjacent cell. In our initial definition of this cell for the present study, we decided not to require the presence of lamellar inclusion bodies as we had in our previous report (2) . We did this because type I alveolar epithelial cells begin to be replaced by type II alveolar epithelial cells (granular pneumocytes) after exposure to hyperoxia for more than 72 h (14) . We were concerned that the new granular pneumocytes might be "immature" and perhaps lack lamellar bodies and that to require their presence might bias the study. As it turned out, all the alveolar epithelial cells fitting these criteria (i.e., round or cuboidal attached cells in the alveolar wall) had lamellar inclusion bodies.
Stereological proceditres. Lineal analysis was performed as we previously described including the handling of the micrographs, i.e. blind examination in random order, calculations, and statistical analysis (2). The acid-insoluble radioactivity, expressed per milligrams of DNA, is lower in rats exposed to oxygen for 48 h than in those exposed to compressed air (Fig. 1) . This is similar to our previous finding (1) . After 72 h of hyperoxia these differences disappear. By 96 h of exposure the acid-insoluble radioactivity per milligrams of DNA is higher in the oxygen-exposed rats. When the level of acid-insoluble radioactivity is corrected for the amount of free leucine in the lung (Table I) , the difference at 96 h became even greater. Under these conditions amino acid incorporation into protein is linear with time over the period studied.
RESULTS
In whole cells or tissue slices amino acid incorporation into protein depends on amino acid transport into the cell and the synthesis of proteins. To eliminate the need for cell uptake of free leucine we studied protein synthesis in a lung cell-free system. We found that after 7.5 min of incubation incorporation of [14C]leucine into protein, expressed as counts per minute per milligram of RNA, was 4,230±309 (mean+SEM) for 96 h compressed air-exposed rats and 6,906±528 for oxygenexposed rats (P = < 0.025, n = 3). Incorporation was linear with time over this interval.
In other experiments where we "pulsed-labeled" lung slices with L-[U-14C] leucine the lungs from oxygenexposed rats had a greater fall in protein-specific radioactivity (21.0± 4.3%, mean+SEM, n = 4) than rats exposed to compressed air (14.4±2.6%, n = 4) but the differences were not statistically significant (P = 0.2).
Influence of in vivo oxygen exposure for 96 h on L-[U-4C]leucine incorporation into protein of different lung fractione. Based on the time course of the influence of oxygen on protein synthesis we focused attention on the 96 h period of exposure. The difference between the groups is statistically significant for all fractions expressed per milligrams of DNA in the starting tissue (Fig. 2) . The greatest difference between groups is in the protein of the midzone while the smallest difference is in the surface-active fraction. The extent of the difference between the acid-insoluble radioactivity of the midzone of both groups and the surface-active fraction of both groups is statistically significant (P = < 0.05).
Influence of in vivo oxygen on biochemical parameters.
Lungs from oxygen-exposed animals are heavier than those from rats exposed to compressed air but the percent dry weight is not different between the groups Adaption to Hyperoxia ( Table I ). The lungs of animals exposed to oxygen have a greater protein-DNA ratio and more free leucine than those from animals exposed to compressed air.
Influence of 96 h in vivo oxygen on the uWtrastructure of the granular pneumocyte. After 96 h the cytoplasmic area of granular pneumocytes exposed to hyperoxia is greater than that of those exposed to compressed air (Table II) . For mitochondria and lamellar bodies there is no difference between the groups in the percent of cytoplasmic volume they occupy or in the organelle area per organelle. After 96 h of hyperoxia there are no differences in the surface area of lamellar body or mitochondrial envelope between these groups (Table III) . The surface density of the RER is however, greater in oxygen compared with compressed air-exposed rats (Table III). The surface density value takes into consideration the greater cytoplasmic area of the granular pneumocyte of the oxygen-exposed group and hence there is both a relative and absolute increase in the amount of RER.
DISCUSSION
The present study has shown that during continuous exposure to hyperoxia the depression of incorporation of ["C]leucine into protein seen at 48 h is reversed and after 96 h of exposure incorporation is greater in lung slices from oxygen-exposed rats relative to that in compressed air-exposed rats. In whole cells or tissue slices amino acid incorporation into protein depends on amino acid transport into the cell and on the process of protein synthesis itself. The experiments using the lung cellfree system eliminate the requirement for cell uptake of amino acid. When this is done, the incorporation of ["C]leucine into protein, corrected for the free leucine content of the cell-free system, is still higher in the rats exposed to oxygen for 96 h than in the rats exposed to compressed air. This indicates that at least a portion of the increased incorporation seen in slices from lungs of rats exposed to Oa for 96 h represents an increase in protein synthesis rather than differences in the specific activity of the tissue free leucine due to differences in leucine transport into the tissue.
The increase in protein synthesis is associated with two important morphological changes which bear upon the interpretation of the biochemical findings. First, there is an increase in the percent cytoplasmic volume occupied by lamellar bodies so that by 96 h the differences noted at 48 h (2) between compressed air-and oxygen-exposed animals have been eliminated. This finding is consistent with the finding that there is now no difference in the surface density of the lamellar body envelope between the two groups. Second, after 96 h of exposure there is a greater amount of RER in the granular pneumocytes of oxygen-exposed animals.
Proteins made for export (secretory proteins) are generally considered to be synthesized on ribosomes of the RER (15) . Autoradiographic studies on the lung (5-7) are consistent with the concept, suggested by Macklin (16) and elucidated further by Sorokin (17) and Kuhn (4) , that granular pneumocvtes synthesize secretory proteins on the RER and store them in the lamellar inclusion bodies. These studies have contributed to the current belief that the lipid and protein moieties of pulmonary surfactant are synthesized by these cells on the RER, and then stored within the lamellar bodies. Viewed in this light the present findings of an increased svnthesis of protein in the surface-active fraction, an increased amount of RER and an elimination of the differences in the percent cytoplasmic volume occupied hy lamellar bodies between the two groups, indicates there may be anI increased synthesis of secretory protein by the lung after 96 h of hyperoxia as opposed to the decrease noted after 48 h of hyperoxia. Kapanci, Weibel, Kaplan, and Robinson (14) have shown that during adaption to prolonged exposure to hyperoxia, the type I alveolar epithelial cells are replaced by type II alveolar epithelial cells (granular pneumocytes). The proposed increase in synthesis of secretory protein could be due to the increased number of these cells. However, it is unlikely that this is the sole explanation because of the increased amount of RER within individual granular pneumocytes. It would thus appear that during adaption to hyperoxia, the alveolus is repopulated with granular pneumocytes (14) and that these granular pneumocytes in the oxygen-adapted animals are better able to make secretory protein than those in animals exposed to compressed air.
